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We have investigated the ability of PBE0, M05-class, and M06-class of density functional theory (DFT)
to describe the geometries , vibrational frequencies, binding energies and electronic properties of alumi- 
num clusters, Al nx (n = 2–9, x = 0, ±1). The DFT results are compared to those obtained from CCSD(T)/
CBS calculatio ns and experimental data when available. For Al n clusters (n 6 7) the average error differ- 
ence (UED) for the electron afﬁnities and ionization potential compared to the experimental data are 
only 0.14 and 0.15 eV at PBE0/aug-cc-pVTZ level and 0.11 and 0.13, respectively for the CBS T-Q
calculatio ns. 
 2013 Elsevier B.V. All rights reserved. 1. Introduction 
The development of laser vaporization techniques in the 1980s 
has allowed for the detection and characterizati on of structures as 
well as the determination of the chemical and physical properties 
of metal clusters [1]. Metal clusters are promising catalysts, build- 
ing blocks for electronic devices and functional nanoscale materi- 
als due to their substanti al difference in various properties 
compared to their bulk counterpart [1]. For example, the results 
obtained from the reactive force ﬁeld ReaxFF Al approach show that 
99% of the cohesive energy of bulk aluminum is achieved in clus- 
ters formed by at least 80 atoms of aluminum [2]. In addition, 
the addition or removal of a few electrons produces a small change 
in the bulk system, but it may result in a large change in the geom- 
etry as well as the electroni c and magnetic behavior of the small 
clusters [1].
Aluminum clusters have been studied experimental ly via Stern- 
Gerlach magnetic deﬂection measureme nts [3], collision induced 
dissociation [4,5], two-photon ionization with mass spectrometri c
detection [6], photodissoci ation spectroscop y [7–9], resonant two- 
photo ionizatio n spectroscop y [10], photoelectron spectroscopy 
[11] and vibrationally resolved photoelectr on spectroscopy [12].
Theoretical investigatio ns of aluminum clusters can be di- 
vided into three classes of methods , various levels of density 
functional theory (DFT) [2,13–24]; wave function theory (WFT)
methods such as CPF [25], CASSCF [26], MP2 [27–29], CCSD(T)[23,27–29] , and MRCI [30]; and molecular dynamics using vari- 
ous analytical potential s [2,31–35]. There are few studies on 
charged clusters, and most of them used pseudopote ntials in 
the calculatio ns of the electronic and structura l properties. In 
addition, more accurate and expensive calculations with the 
CCSD(T) and MRCI approaches has been restricted to smaller sys- 
tems, such as Al 2 [26], Al 3 [23,27,30] and Al 4 [27] clusters of alu- 
minum, and single-po int CCSD(T) calculations have been 
performed for the Al 13 cluster [29].
For clusters containing 2 to 20 atoms of aluminum, the calcu- 
lated properties include geometries, ionization potential, electron 
afﬁnities, and binding energies (or cohesive energies) [14,16,21].
A typical bottleneck in the theoretical treatments of clusters is re- 
lated to their band structure, which has close low-lying electronic 
states even for small clusters [17,28]. In addition, medium to large 
metal atom clusters have ﬂoppy potential hypersurfaces with var- 
ious local equilibrium minima (isomers) and vibrational frequen- 
cies with very small values. 
In general, there is a lack of systematic studies on the conver- 
gence of the energetic and electronic properties of the small clus- 
ters employing WFT or DFTs methods. In this Letter, we have 
used the PBE0 (one-parameter PBE hybrid) [36,37], M05, M05- 
2X [38,39], M06, and M06-2X density functionals [40] with the 
aug-cc-p VTZ set [41], to compute the electronic structures, geom- 
etries, harmonic frequencies, ionization potential s, electronic 
afﬁnities, and cohesive energies of small neutral and charged 
clusters of aluminum, Al n (n = 2–9). In addition, CCSD(T) single- 
point calculations combined with an extrapolation procedure 
with the aug-cc-p VTZ and aug-cc-pVQ Z basis sets were employed 
to improve the results. 
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The equilibrium geometri es and harmonic vibrational fre- 
quency calculations of the neutral, singly cationic, and anionic 
clusters of Al n (n = 2–9) were performed using GAUSSIAN software
package [42] with the PBE0 [36,37], M05 [38], M05-2X [39], M06 
[40], and M06-2X [40] density functiona ls with the aug-cc-pVTZ 
basis set [41]. For selected sample calculations for Al n (n 6 7), the 
aug-cc-pVQ Z basis set [41] was also employed to improve the 
accuracy of the calculated electronic properties. The PBE0 method 
(which is speciﬁed in GAUSSIAN as PBE1PBE or PBEh) maintains 100% 
of the PBE correlation functiona l but replaces 25% of the original 
exchange functional with the Hartree–Fock (HF) exchange. In pre- 
vious studies [23], this functional was found to be one of the most 
reliable for calculatio ns of small aluminum clusters among the var- 
ious density functionals tested. In our Letter, we evaluated the per- 
formance of the M05 and M06 functionals recommend ed for the 
study of transition metal compounds [40] because it appears that 
some of the aluminum clusters have electronic wave functions 
dominated by multirefer ence characteristics [17,30].
As previousl y reported [17], small aluminum clusters have low- 
spin states that are more stable than the high-spin states. There- 
fore, we have examined the spin multiplici ties of 1 and 3 for 
even-electron clusters and 2 and 4 for odd-electron clusters. The 
higher symmetr y structures of the aluminum clusters may suffer 
from a symmetr y break [16,17] due to Jahn–Teller (JT) or second- 
order JT effects [43] caused by electronic degeneracy or limitations 
of the employed wave functions [44]. Therefore, no symmetry 
restrictions were imposed during the geometry optimization of 
the clusters to allow the geometri es with high symmetr ical struc- 
tures (ideal platonic solids) to relax to structures of lower symme- 
try. The initial cluster geometries for n 6 4 were manually 
constructed. For clusters with nP 5 the structure s were obtained 
from a global minimum search previously reported by Li et al. [34].
The multirefer ence character of the clusters was estimated 
using the T1 diagnost ic [45] calculated with CCSD/aug-c c-pVTZ at 
the PBE0/aug-cc-pVT Z geometries. A T1 value of 60.044 has been 
assumed as the threshold for the suitability of the single-refer ence 
methods [46]. The single point CCSD(T) electroni c energies of neu- 
tral and singly charged aluminum clusters were extrapolated to 
the complete basis set (CBS) limit using the extrapolation proce- 
dure of Halkier et al. [47]
ECBS ¼ n
3EðnÞ  ðn  1Þ3Eðn  1Þ
n3  ðn  1Þ3
ð1Þ
where n is the f level of the largest cc-pV nZ basis set employed 
(n = 4 in the present Letter). This methodol ogy is referred to CBS T-Q.
The average nearest-neighbor distances (hRi) [16,21] were cal- 
culated by using the following expression: 
hRi ¼ 1
nb
X
ij
Rij ð2Þ
Rij is the distance between the two atoms i and j with a cutoff 
<3.2 Å [16] (12% higher than 2.86 Å which is the bulk limit distance 
of Aluminum) and nb is the total number of bonds between atoms 
that lie below this cutoff. 
In order to investigate the size dependence of Al n (n = 2–9) clus- 
ters and electronic propertie s, the binding energy per atom (cohe-
sive energy) (Eb) is calculated using the following expressions: 
ð1=nÞAln ! Al ð3Þ
ð1=nÞAlþn ! ½ðn  1Þ=nAl þ ð1=nÞAlþn ð4Þ
ð1=nÞAln ! ½ðn  1Þ=nAl þ ð1=nÞAln ð5ÞWe have also calculated the adiabatic ionization potential 
(EAlþn  EAln) and the adiabatic potential energy (electron afﬁnity)
of the aluminum clusters. The adiabatic ionization potential (IP)
measure s the energy difference between the ground state of the 
neutral and the ionized cluster at their optimized geometries. 
The adiabatic electron afﬁnity (EA) is calculated as the difference 
in the total energies between the ground state of the anion and 
the neutral cluster. These results are compare d with the previous 
studies.3. Results and discussion 
3.1. Geometries and electronic structures of neutral and charged Al 2
and Al 3
Table 1 shows the calculated values for the equilibrium geome- 
tries (Re) (Å), harmonic frequencies (xe) and dissociation energies 
at the equilibriu m geometri es (De) (eV) (also deﬁned as zero point 
exclusive atomizati on energies) of the ground states of Al 2 (3P),
Al2+ (2R+) and Al 2 (4R) calculated using density functionals and 
the CCSD(T) method. Most of the calculatio ns have used the aug- 
cc-pVTZ basis set and in selected cases the aug-cc-pVQ Z basis set 
was also employed. For Al 2, Miller et al. [23] showed that the 
molecula r constants Re, xe, and De calculated with the multi-level 
MG3/3 [48] approach result in the smallest unsigned error differ- 
ence (UED) when compare d to the experimental values [10]. The 
CCSD(T)/CBST-Q values show better agreement with the experi- 
mental values (Table 1), as expected. For the density functional re- 
sults, the PBE0, M06, and M06-2X methods provide more reliable 
values for Re, while the PBE0 and M06-2X functionals provide more 
accurate xe. In general, all DFTs result in an error P0.18 eV for the 
evaluation of De. For both of the charged aluminum dimers, the 
best agreement with the CCSD(T)/CBST-Q values for Re, xe, and De
were obtained with the M06-2X method, which differing by 
0.034 Å, 14 cm 1, and 0.07 eV, respectively for Al 2+, and differing 
by 0.02 Å, 2 cm 1 and 0.03 eV, respectivel y, for Al 2.
Concerning the multiconﬁgurational characterist ic of the wave 
functions previously mentioned before, T1 value 60.044 has been 
used in the unrestricted CCSD(T) calculatio ns as a threshold for 
the suitability of the single-reference method [46]. The T1 calcu-
lated values for the Al 2 (3P), Al 2+ (2R+) and Al 2 (4R) species are 
equal to 0.024, 0.024, 0.026, respectively, while hS2i values are 
2.04, 0.78 and 3.76, respectivel y. Therefore, the ground state elec- 
tronic structure s of the neutral and charged aluminum dimers are 
well represented by the single-reference approach and have rela- 
tively low spin contaminat ion compared to the pure S(S + 1) values 
for the doublet (0.75), triplet (2.00) and quartet (3.50) states. T1
diagnost ics values and the spin contaminat ion values of Al n
(n = 2–9) clusters calculated at the PBE0/aug-cc -pVTZ level are pro- 
vided in the Supplement ary data .
The molecula r constant (i.e., Re, xe, and De) for the electronic 
ground states of Al 3 (2A0), Al 
þ
3 (
3A0) and Al 3 (
1A0) are listed in Table 2
along with the results from previous calculations [23,30] and the 
available experime ntal data [6,12]. In particular , the bond lengths 
of the neutral and charged Al 3 trimer have not been measure d
due to a lack of rotationally resolved gas phase spectra. Previous 
accurate calculations of the structure s of the Al 3 and Al 

3 trimers
were performed using with the CCSD(T)/aug-cc-pVTZ [27] and
MRCI/au g-cc-pVQZ [30] methods. For all of the Al 3 trimers, the 
DFT calculatio ns performed with the aug-cc-p VTZ basis set predict 
structure s that are slightly distorted compared to the ideal equilat- 
eral structure (D3h), resulting from symmetry breaking due to 
Jahn–Teller distortions [43], which has been previously observed 
by Czenek and Zˇivny ´ [30] for the Al 3 and Al 

3 trimers with the MRCI 
wave functions. 
Table 1
Equilibrium geometry (Re)(Å), harmonic frequencies (xe) (cm1) and dissociation energies at equilibrium geometry (De) (eV) of the electronic ground state states of the Al 2 (X 3P),
Al þ2 (
2R+) and Al 2 (
4R) structures calculated with the aug-cc-pVTZ basis set. 
Al2 Alþ2 Al

2
Re xe De Re xe De Re xe De
PBE0 2.734 274 1.54 3.249 157 1.61 2.563 326 2.41 
M05 2.748 258 1.53 3.252 153 1.63 2.565 307 2.61 
M05-2X 2.742 260 1.53 3.260 153 1.54 2.565 326 2.61 
M06 2.729 266 1.51 3.186 160 1.61 2.555 322 2.47 
M06-2X 2.729 274 1.50 3.234 158 1.50 2.551 332 2.57 
CCSD(T) 2.731 280 1.38 3.217 170 1.40 2.570 331 2.47 
CCSD(T)a 2.717 284 1.42 3.207 171 1.43 2.560 333 2.51 
CCSD(T)/CBST-Q 2.707 287 1.44 3.200 172 1.43 2.553 334 2.54 
PBE0/MG3 b 2.730 273 1.55 3.252 156 2.555 329 
MCG3/3 b 2.709 1.45 
Exp. 2.701 ± 0.002 c 286 1.36 178 ± 8d
a Calculations performed with the aug-cc-pVQZ basis set. 
b Ref. [23].
c Ref. [10].
d Ref. [12].
Table 2
Equilibrium geometries (Re) (Å), harmonic frequencies (xe) (cm1) and dissociation energy at the equilibrium geometry (De) (eV) of the electronic ground-state states of Al 3 (2A0),
Al þ3 (
3A0) and Al 3 (
1A0) structures using the aug-cc-pVTZ basis set. 
Al3 Alþ3 Al

3
Re x1e x2e x3e De Re x1e x2e x3e De Re x1e x2e x3e De
PBE0 2.517 365 245 245 3.83 2.681 272 152 152 3.54 2.517 371 245 245 4.98 
M05 2.524 375 245 245 4.01 2.697 281 152 149 3.54 2.533 364 230 224 5.24 
M05-2X 2.542 332 188 184 3.89 2.755 223 94 82 3.29 2.517 349 236 232 5.39 
M06 2.517 355 237 237 3.90 2.699 260 127 127 3.45 2.528 356 237 237 5.22 
M06-2X 2.532 3.65 2.741 263 167 145 3.27 2.515 366 241 241 5.25 
CCSD(T)/
CBS T-Qa
3.86 3.26 5.36 
CCSD(T)b 2.524c 419 259 204 2.719 264 141 141 2.553 362 249 249 
MRCI c 2.534 360 241 241 2.533 367 249 249 
PBE0/MG3 d 2.506 366 244 244 3.86 2.673 272 148 148 2.508 373 246 246 
MCG3/3 d 2.523 3.82 
Exp. e 357 ± 10 240 ± 10 240 ± 10 3.80 ± 0.06 3.23 ± 0.16 365 ± 15 257 ± 15 257 ± 5 5.28 ± 0.07 
a Calculations carried out with the aug-cc-pVTZ and aug-cc-pVQZ basis sets and using the PBE0/aug-cc-pVTZ geometry. 
b CCSD(T)/aug-cc-pVTZ.
c MRCI/aug-cc-pVQZ, Ref. [30].
d Ref. [23].
e Refs. [6,12].
44 V.O. Kiohara et al. / Chemical Physics Letters 568–569 (2013) 42–48For the Al 3 trimer, a comparison of the Re values calculated with 
the DFT methods and with that (2.534 Å) obtained at the MRCI/ 
aug-cc-pVQ Z level [30] indicates that the lowest UED was obtained 
with the M05-2X and M06-2X functiona ls, while the PBE0, M05 
and M06 DFTs values for the harmonic frequencies are in better 
agreement with the experimental data [12] and with the MRCI/ 
aug-cc-pVQ Z [30] results. It should be also noted that the PBE0 pre- 
dictions of the geometries and harmonic frequencies [23] using the 
aug-cc-pVTZ [41] and MG3S [49] basis sets are very similar. 
For the Al 3 trimer, the best agreement between the present DFT 
calculations and the MRCI results [30] was obtained using the M05 
and M06 methods, which contain only 28% and 27% of HF ex- 
change, respectively .
In the De calculations , we have considered the most energeti- 
cally favored fragmentation channels [16,21], corresponding to 
Al3? 3 Al, Al 
þ
3 ! 2Al þ Alþ and Al 3 ! 2Al þ Al. The CCSD(T)/
CBST-Q values of De for Al 3, Al 
þ
3 and Al 

3 are equal to 3.86, 3.26, 
and 5.35 eV respectivel y, which are in close agreement with the 
experimental values of 3.80 ± 0.06, 3.23 ± 0.06 and 5.28 ± eV [12],
respectively . This excellent agreement occurs despite the wave 
functions exhibiting high non-dyna mical characteri stic as indi- 
cated by T1 values of 0.082 (Al3), 0.072 (Al
þ
3 ) and 0.037 (Al

3 ). In 
addition, Al 3 and Al 

3 trimers exhibit high spin contamination with hS2i operator values equal to 1.317, and 2.038, respectively. In par- 
ticular, for the species Al 3 and Al 

3 , MRCI/aug-pVQ Z calculatio ns 
[30] indicate that the ground state electroni c structure of Al 3 is
well represented by a single-refer ence wave function while Al 3 is
essentiall y a two-determina nt electronic state. Analysis of the 
UED using experimental and DFTs De values indicates that the 
M06-2X approach provides the lowest UED values for the Al þ3
and Al 3 trimers, while the PBE0/aug-cc -pVTZ method resulted in 
the lowest UED for the Al 3 trimer.
3.2. Structures and electronic properties of neutral and charged Al n
(nP 4)
Figure 1 shows all of the structures of the neutral, cationic and 
anionic aluminum clusters computed with the PBE0/aug-cc-pVT Z
method. The Cartesian coordinates of the optimized geometri es 
and the vibrational frequenc ies of the neutral and charged Al n
(nP 4) clusters obtained with the PBE0, M05, M05-2X, M06, and 
M06-2X density functionals are provided in the Supplement ary 
data. During the geometry optimization calculatio ns, the struc- 
tures were allowed to relax to lower symmetries due to the JT 
forces acting on the clusters with degenerate electronic wave 
functions.
Figure 1. Structures of the neutral, cationic and anionic aluminum clusters, Al nx (n = 1–9, x = 0, ±1), optimized with the PBE0/aug-cc-pVTZ method. 
Table 3
Average nearest-neighbor distances hRi (Å) for clusters calculated using the PBE0, M05-family and M06-family of method s and the aug-cc-pVTZ basis set. 
n Aln Alþn Al

n
PBE0 M05 M05-2X M06 M06-2X PBE0 M05 M05-2X M06 M06-2X PBE0 M05 M05-2X M06 M06-2X 
4 2.617 2.556 2.456 2.611 2.630 2.776 2.616 2.491 2.847 2.851 2.634 2.627 2.592 2.666 2.532 
5 2.606 2.606 2.630 2.612 2.612 2.635 2.636 2.680 2.681 2.703 2.597 2.625 2.610 2.612 2.612 
6 2.727 2.730 2.747 2.703 2.730 2.816 2.744 2.778 2.786 2.756 2.699 2.720 2.720 2.717 2.700 
7 2.675 2.690 2.691 2.647 2.680 2.616 2.617 2.646 2.658 2.622 2.678 2.678 2.702 2.658 2.676 
8 2.686 2.696 2.718 2.667 2.687 2.690 2.701 2.725 2.672 2.683 2.713 2.722 2.738 2.698 2.683 
9 2.723 2.748 2.760 2.694 2.737 2.716 2.729 2.792 2.733 2.721 2.726 2.686 2.661 2.738 2.695 
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correlation) in the wave functions of all the neutral and charged 
aluminum clusters (Aln (n = 4–9)), the T1 diagnostic method [45]
was employed using the PBE0/aug-cc -pVTZ geometries in CCSD/ 
aug-cc-pVTZ calculations . A substantial variation in the non- 
dynamical electron correlation was obtained for most of the clus- 
ters. For example, the T1 values are 0.035, 0.074, 0.029, 0.093, 
0.087, and 0.036 for the neutral clusters Al 4 to Al 9, respectively. 
The high T1 values [45,46] may indicate a multicon ﬁgurational
wave function, which may pose great challenge for the hybrid den- sity functional approaches in predicting reliable electronic proper- 
ties. Truhlar et al. [40] suggested a limit of 28% of exchange energy 
as one of the important conditions for DFT methods to accurately 
describe the chemical bonds of structures with signiﬁcant multire- 
ference character. 
The density functionals employed in the present Letter, PBE0, 
M05, M05-2X, M06, and M06-2X have HF exchange energy of 
25%, 28%, 56%, 27% and 56%, respectively. Therefore, based on this 
paramete r we expected that all of the density functionals with the 
exception of M05-2X and M06-2X were better suited to describing 
Table 4
Cohesive energies (Eb) (eV) of the neutral, cationic and anionic Al n (n = 2–9) clusters. 
n PBE0 M05 M05-2X M06 M06-2X CC a CCb CBST-Qc
Aln
2 0.771 0.763 0.767 0.757 0.748 0.690 0.770 0.828 
3 1.277 1.337 1.298 1.300 1.217 1.203 1.312 1.392 
4 1.495 1.566 1.379 1.514 1.436 1.421 1.528 1.606 
5 1.715 1.768 1.667 1.751 1.666 1.629 1.725 1.795 
6 1.940 2.084 1.942 1.979 1.952 1.858 1.978 2.066 
7 2.163 2.302 2.132 2.198 2.145 2.064 2.124 2.168 
8 2.166 2.320 2.118 2.208 2.156 
9 2.211 2.384 2.614 2.293 2.219 
n PBE0 M05 M05-2X M06 M06-2X CC b CCc CBST-Q
Alþn
2 0.805 0.815 0.769 0.805 0.750 0.701 0.713 0.722 
3 1.178 1.179 1.097 1.151 1.089 1.025 1.061 1.087 
4 1.415 1.416 1.029 1.410 1.357 1.278 1.316 1.344 
5 1.635 1.673 1.545 1.634 1.570 1.492 1.541 1.577 
6 1.846 1.963 1.815 1.881 1.831 1.472 1.798 2.036 
7 2.197 2.320 2.127 1.995 2.164 2.101 2.167 2.215 
8 2.175 2.311 2.074 2.188 2.131 
9 2.240 2.319 2.099 2.236 2.142 
n PBE0 M05 M05-2X M06 M06-2X CC b CCc CBST-Q
Aln
2 1.266 1.306 1.303 1.235 1.287 1.233 1.257 1.292 
3 1.872 1.859 1.795 1.741 1.750 1.700 1.751 1.788 
4 2.049 1.974 1.908 1.820 2.106 1.855 1.908 1.947 
5 2.148 2.192 2.104 2.076 2.033 1.992 2.048 2.089 
6 2.372 2.485 2.306 2.319 2.311 2.222 2.286 2.333 
7 2.461 2.566 2.359 2.395 2.379 2.285 2.414 2.508 
8 2.448 2.584 2.374 2.433 2.613 
9 2.542 2.659 2.477 2.452 2.469 
a CCSD(T)/aug-cc-pVTZ method. 
b CCSD(T)/aug-cc-pVQZ method. 
c CCSD(T)/CBST-Q approximation.
46 V.O. Kiohara et al. / Chemical Physics Letters 568–569 (2013) 42–48the electronic propertie s of aluminum clusters. To complementin g
this analysis, we have also employed the expectation values of the 
spin operator hS2i with respect to the UHF single-determina nt 
wave function to evaluate the degree of spin contamination by 
states of higher multiplici ties. The hS2i values of the neutral and 
charged aluminum clusters are in the range of 0.770–1.911 (for
doublets), 2.018–2.430 (for triplets), and 3.764–5.068 (for quar- 
tets), which indicate mild to high spin contaminat ion by higher 
multiplicitie s. (See Supporting information ).
The present calculations of neutral and charged aluminum clus- 
ters provide nearest neighbor distances (Table 3) for Al 4 to Al 9 that
are in agreement with the pseudo potential BPW91 calculations of 
Rao and Jena [16]. We also note that the calculations of the equilib- Table 5
Adiabatic electron detachment energy (electron afﬁnity) (eV) of Al n (n 6 9) using the aug
n PBE0 M05 M05-2X M06 M06-2X CC
1 0.54 0.27 0.29 0.34 0.30 0.4
2 1.49 1.35 1.36 1.30 1.37 2.0
3 1.68 1.50 1.78 1.66 1.0 1.9
4 2.12 1.90 2.40 1.73 1.97 2.1
5 2.06 2.05 2.14 1.97 2.13 2.2
6 2.49 2.34 2.48 2.38 2.45 2.6
7 1.99 1.78 1.88 1.72 1.79 1.9
8 2.36 2.05 2.34 2.14 3.95 2.1
9 2.88 2.41 2.69 2.27 2.39 2.9
a CCSD(T)/aug-cc-pVTZ calculations using the PBE0/aug-cc-pVTZ geometries. 
b CCSD(T)/aug-cc-pVQZ calculations using the PBE0/aug-cc-pVTZ geometries. 
c CCSD(T)/CBST-Q.
d Ref. [16].
e Ref. [21].
f Ref. [11].rium distances converge faster toward the bulk limit of aluminum 
(2.86 Å [1]) than the cohesive energy property [2]. In general, we 
obtain structures for aluminum clusters Al n (nP 4) with lower 
symmetr y than those obtained using analytical potential and 
molecula r dynamics calculatio ns [2,34]. The lowest structure of 
Al4 has a tetrahedral structure in the dynamics simulations 
[2,34], while the lowest structure obtained in the present Letter 
employin g DFTs and the CCSD(T) method was determined to have 
a distorted planar rhombus geometry, which is in agreement with 
the pseudopotenti al DFT calculations s performed by Rao and Jena 
[16] and Fournier [21].
The CCSD(T)/aug-cc-pVTZ calculations of Zhang et al. [27] give
an equilibrium geometry for the Al 4 tetramer of 2.579 Å. This value 
is smaller than those obtained with the PBE0, M06 and M06-2X 
methods but larger than the M05 and M05-2X results. For the 
Al4 cluster, only the M06-2X functional predicts Re smaller than 
the CCSD(T) value of 2.566 Å [27]. For comparis on, the equilibriu m
geometry predicted by the M05-2X DFT is only 0.026 ÅA
0
larger than 
the CCSD(T) value. 
For the aluminum clusters (Aln) nP 6, a comparison with pre- 
vious investigations show slightly different structures (isomers),
which is understandabl e considering the very ﬂoppy nature of 
their potential energy surfaces, where the isomers have close elec- 
tronic energies. Another consequence of the ﬂuxionality of the 
structure of the larger clusters is very small values for the highest 
vibration al frequencies obtained in all of the DFT calculations (see
Supplement ary data ).
Table 4 provides the cohesive energies (Eb) (eV) calculated for 
the neutral, cationic, and anionic Al n (n = 2–9) clusters with the 
DFT methods. The CCSD(T)/CBST-Q electroni c calculatio ns employ- 
ing the PBE0/aug -cc-pVTZ geometries are also listed for n 6 7.
For the neutral aluminum clusters, a comparis on of the average 
UED between the DFTs and the CCSD(T)/CBST-Q results indicate that 
the lowest values are achieved with the M05 (0.041) and M06 
(0.071) calculations. For the positively charged clusters, the lowest 
average UED is 0.044 with the M06-2X calculatio ns. For the singly 
anionic aluminum clusters, all of the DFTs provide reliable UED 
values compared to the CCSD)(T)/CBST-Q result (i.e. the average 
UED values are 0.051, 0.061, 0.053, and 0.058 for the PBE0, M05 
M05-2X, and M06-2X methods, respectively ).
The De experimental value for Al 3 is 3.80 ± 0.06 eV [12] corre-
spond to an Eb value of 1.267 eV, which is in excellent agreement 
with the PBE0 value of 1.277 eV. However, the CCSD(T)/CBST-Q re-
sult (1.392 eV) differs by 0.125 eV from the experimental data. For 
comparis on, the Eb values for Al 9 and the aluminum bulk are 2.211 
and 3.39 eV, respectively [1] conﬁrming the low convergence of 
this property with increasing length of the aluminum clusters. -cc -pVTZ basis set. 
 a CCb CBST-Qc Theor.d Theor.e Exp.f
2 0.44 0.46 0.13 – 0.44 ± 0.01 
7 1.53 1.14 1.38 – 1.46 ± 0.06 
1 1.93 1.83 1.55 – 1.89 ± 0.04 
6 2.20 2.23 2.13 2.13 2.20 ± 0.05 
4 2.36 2.45 2.06 2.07 2.25 ± 0.05 
1 2.65 2.68 2.56 2.36 2.63 ± 0.06 
7 2.03 2.07 2.04 2.07 2.43 ± 0.06 
2 2.56 2.24 2.35 ± 0.08 
4 2.54 2.71 2.85 ± 0.08 
Table 6
Adiabatic ionization potential (IP) (eV) of Al þn (n 6 9) obtained from CCSD(T) calculations with PBE0/aug-cc-pVTZ structures. 
n PBE0 M05 M05-2X M06 M06-2X CC a CCb CBSc Theor.d Theor.e Expf
1 6.09 5.61 5.78 5.81 5.76 5.95 5.97 5.98 6.27 - 5.99 
2 6.02 5.71 5.78 5.71 5.75 5.92 5.96 5.99 6.05 - 6.20 
3 6.39 6.28 6.39 6.26 6.14 6.48 6.53 6.57 6.40 - 6.45 
4 6.41 6.41 7.19 6.22 7.1 6.52 6.57 6.61 6.50 6.48 6.55 
5 6.49 6.28 6.39 6.40 6.24 6.63 6.58 6.54 6.60 6.61 6.45 
6 6.65 6.52 6.55 6.40 6.48 6.64 6.68 6.71 6.45 6.50 6.45 
7 5.84 5.68 5.82 5.77 5.69 e,f 5.66 5.64 5.87 5.87 6.20 
8 6.02 5.89 6.13 5.97 5.96 6.03 6.10 6.32 6.40 
9 5.83 6.39 106 6.15 5.94 6.09 6.00 
a CCSD(T)/aug-cc-pVTZ method. 
b CCSD(T)/aug-cc-pVQZ method. 
c CCSD(T)/CBST-Q approximation.
d Ref. [16].
e Ref. [21].
f Ref. [50].
V.O. Kiohara et al. / Chemical Physics Letters 568–569 (2013) 42–48 47Table 5 provides the theoretical and experimental detachment 
energies (electron afﬁnity, EA) [11] for the Al n clusters, and 
Table S-14 (Supplementary information ) provides the UED values 
calculated as a difference between the experime ntal values and 
the DFT and CCSD(T)/CBST-Q results. The lowest average UED values 
are 0.11, 0.14, and 0.17 eV calculated with the CCSD(T)/CBST-Q,
PBE0, and M05-2X methods, respectivel y. For the Al 4 and Al 

4 clus-
ters, the best level of electronic calculations were performed with 
the CCSD(T)/aug-cc-pVQZ [27] approach using CCSD(T)/aug-cc- 
pVDZ geometries. At that level, the EA value is 2.18 eV (Table 4
in reference [27]), which is in good agreement with the experimen- 
tal value (2.20 ± 0.05 eV) [11]. There is also good agreement with 
our PBE0/aug -cc-pVTZ (2.12 eV) and CCSD(T) values calculated 
with the aug-cc-p VTZ and aug-cc-pVQZ basis sets (i.e., 2.16 and 
2.22 eV), respectively. 
Table 6 provides the theoretical and experimental results of adi- 
abatic ionizatio n energies (IP) (eV) and the UED values calculated 
as the difference between the experime ntal values and the DFT 
and CCSD(T)/CBST-Q calculations which are provided in the Supple-
mentary data . The adiabatic IP value is calculated as the energy dif- 
ferences between the electronic ground state of neutral (Aln)
clusters and the positively charged ionized (Aln+) clusters at their 
equilibrium geometri es. As previously observed by Jones [14] and
Rao and Jena [16], there is a reducion of IP on going from n = 6 to 
n = 7 due to the larger stability of the Al 7+ ion cluster, which has 
a magical number of 20 valence electrons accordin g to the spheri- 
cal jellium model [1]. The lowest values of the averaged UED are 
obtained with the PBE0 (0.015 eV) and the CCSD(T)/CBST-Q
(0.013 eV) methods. Therefore, relatively good accuracy in the pre- 
diction of this property was obtained with single-refer ence meth- 
ods (i.e., DFT and CCSD(T) theory), even though the T1 diagnostic
method indicates a moderate to high multireference characteri stic 
of the various neutral and singly charged aluminum clusters. These 
results are most likely due to favorable error cancellation, or to the 
simple nature of the Kohn–Sham molecula r orbitals. 
4. Conclusions 
The PBE0, M05, M05-2X, M06, and M06-2X density functiona ls 
and the aug-cc-p VTZ basis set are employed to compute the struc- 
tures, harmonic frequencies, cohesive energies, adiabatic ioniza- 
tion and electron afﬁnity of neutral and charged aluminum 
clusters Al n (n = 2–9). For the neutral and singly charged Al 2 and
Al3 clusters, the M06-2X method provides slightly more accurate 
structural values compared to experime ntal data and previous 
MRCI.
Several neutral and charged aluminum clusters are doublet, 
triplet, and quartet open shell species with intermediate to high degrees of multireference characterist gauged by the T1 diagnostic
method. The electronic degenerated wave functions of most of alu- 
minum clusters give rise to Jahn–Teller (JT) effects resulting in pre- 
dictions of geometries with lower symmetr y than those found in 
the highly symmetrical idealized platonic structure s. However, de- 
spite the high degree of nondynamical correlation, the CCSD(T)/
CBS approximation and the PBE0 density functional (i.e., methods 
based on the single-re ference wave functions) provide relatively 
accurate adiabatic electron afﬁnity (EA) and ionization potential 
(IP) values compared to with the experime ntal data. For the Al n
clusters with n 6 7, the average unsigned error difference (UED)
of EA and IP are 0.14 and 0.15 eV, respectively for the PBE0 method 
and 0.11 and 0.13 eV, respectively for the CCSD(T)/CBST-Q results.
The previous frozen-core and pseudo-potent ial DFT studies res- 
ported by Rao and Jena [16] and Fournier [21] resulted in slightly 
higher UED values for the electron afﬁnities and ionization poten- 
tial compared to our best results using the PBE0/aug -cc-pVTZ and 
CCSD(T)/CBST-Q methods .
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